I. INTRODUCTION
T HE bandwidth demand of wireless applications, such as super Hi-Vision/Ultra High Definition TV data (more than 24 Gb/s) [1] , is unprecedentedly growing, so it is highly desirable that next generation hybrid wireless-optical systems can bring the capacities from optical links into radio links, to realize the seamless integration of wireless and fiber-optic network [2] , while preserving transparency to bit rates and modulation formats. Among some millimeter-wave frequency bands of interest, the W-band (75-110 GHz) has lower atmospheric propagation loss and a broader transmission window compared for example to the 60 GHz and 120 GHz [2] , and recently is attracting increasing attention. There are several GHz unregulated bandwidths in the W-band, which could be potentially used to provide for us high capacity wireless links. To date, 10 Gb/s [3] and 20 Gb/s [4] with amplitude shiftkeying modulation (ASK) W-band transmission systems have been reported. To achieve higher capacity, spectral efficient modulation techniques such as quadrature phase-shift keying (QPSK) and 16-quadrature amplitude modulation (QAM) have also been used to obtain 20 Gb/s [5] and 40 Gb/s [6] in the W-band wireless links. In these schemes, hybrid photonicelectronic up-conversion (coherent method) is used to generate the W-band wireless carrier, and 20 cm "error free" (1×10 −12 ) wireless transmission in [4] and 30 mm wireless transmission with achieved performance below the forward error correction (FEC) limit in [5, 6] are demonstrated. Recently, a photonic up/down-conversion (incoherent method) with RF/bitrate transparency has also been proposed for a 40 Gb/s W-band system, however, without wireless transmission [7] .
In this letter, we report on a scalable system by combining OOFDM and coherent all-optical frequency division multiplexed techniques to achieve high capacity wireless communications in the 75-110 GHz band. By using photonic up-conversion technique (incoherent method), the proposed system seamlessly converts a high-speed optical OFDM baseband signal into the W-band. This scheme is fully transparent to modulation format and bit-rate, as well as fully scalable to the RF carrier frequency. Furthermore, we measure fiber wireless transmission performance and demonstrate the scalability of the proposed system.
II. EXPERIMENTAL SETUP
The experiment setup of the proposed W-band wireless transmission system is shown in Fig. 1 . At the QPSK-OOFDM transmitter, a 100 kHz linewidth optical carrier emitted from an external cavity laser (ECL, λ 1 = 1549.942 nm) is modulated by an optical frequency comb generator employing an overdriven Mach-Zehnder modulator (MZM). The MZM is biased in its nonlinear region by equalizing the power of the Electrical spectra of QPSK-OFDM signal (single-channel and three-channel) after down-conversion mixer at the receiver. the comb lines is set to 5 GHz. Subsequently, an arbitrary waveform generator (AWG, Tektronix AWG 7122C) operating at 8 GS/s drives an optical in-phase/quadrature (I/Q) modulator which is biased at its null point to encode all the comb lines with QPSK-OFDM simultaneously. An erbium-doped fiber amplifier (EDFA) and a 0.8 nm bandwidth optical filter in the transmitter are used to compensate the loss of the optical comb generator and the optical I/Q modulator and filter the outband noise. In the signal generation, a data stream with a pseudo-random bit sequence (PRBS) word length of 2 15 -1 is mapped onto 128-point inverse fast Fourier transform (IFFT) and 80 QPSK subcarriers (SCs) consists of 4 pilot SCs and 76 data SCs. 10 training symbols in each 267 data symbols are used for time synchronization and channel estimation. The cyclic prefix is 1/10 of the IFFT length so that the OFDM symbol size is 141. At the output of the I/Q modulator, the generated optical signal is seamless, resulting in 3-channel optical OFDM signal at 8.3 Gb/s/ch (8 GS/s × 2 × 76/141 × 257/267) with a total spectral bandwidth of 15 GHz (3 channels × 8 GS/s × 80/128). Because the comb spacing is integral multiple of the OFDM SC spacing, all of the OFDM SCs from different comb lines are orthogonal to each other. It is noted that these 3-channel OFDM signals are correlated, the de-correlation of 3-channel and the effect of inter-channel interference (ICI) between different channels are under further investigation from a practical point of view.
The optical QPSK-OFDM signal is then combined with a 100 kHz linewidth free-running CW laser (λ 2 = 1549.248 nm) for W-band wireless signals generation [7] . The optical spectra of both single-channel and 3-channel are shown in the insets of Fig. 1 . The single-channel signal is tested when the 5 GHz driving RF signal of optical comb generator is off. After 22.8 km of single mode fiber (SMF) propagation, the combined optical signal is heterodyne mixed in a 100 GHz bandwidth photodiode (PD, u 2 t XPDV4120R) to generate a W-band wireless signal which is fed to a W-band horn antenna with 24 dBi gain. After air transmission, the signal is detected by a horn antenna with 25 dBi gain and amplified by a W-band 25 dB gain low-noise amplifier (LNA, Radiometer Physics W-LNA). Subsequently, a W-band balanced mixer driven by a 74 GHz sinusoidal local oscillator (LO) signal after frequency doubling from a 37 GHz signal synthesizer (Rohde & Schwarz SMF 100A) is adopted to realize electrical down-conversion. The electrical spectra of QPSK-OFDM intermediate frequency (IF) signals after down-conversion are shown in Fig. 2 . At the receiver side, the IF signal is converted to digital signal by an 80 GS/s real-time digital sampling oscilloscope with 32 GHz analog bandwidth (Agilent DSAX93204A). After that, offline signal demodulation is performed by a digital signal processing (DSP)-based receiver, consisting of frequency down-conversion, time synchronization, frequency and channel estimation, pilot-based phase estimation, data mapping and bit error rate (BER) tester. To eliminate the dispersion and nonlinearity effects induced by fiber and wireless transmission, one-tap equalizer and an effective algorithm combining the intra symbol frequency-domain averaging (ISFA) [8] and digital phase-locked loop (DPLL) are programmed for channel estimation. We can clearly observe the performance improvement by comparing the received constellations with/without ISFA-DPLL for 8.3 Gb/s W-band signals shown in Fig. 3 .
III. RESULTS AND DISCUSSION
In the experiment, the millimeter-wave carrier frequency is set to 86.75 GHz to match the central frequency of the mixer. We measure the performance for both cases of single-channel and 3-channel at the data rate of 8.3 Gb/s/ch. After considering the 7% Reed-Solomon FEC overhead, the effective bit rate is 7.719 Gb/s/ch. Fig. 4(a) presents the BER performance versus the received optical power at the PD after different air distances as well as fiber propagation in the single-channel case. It is observed that 22.8 km SMF induces less than 1 dB power penalty at the FEC limit (BER of 2×10 −3 ) for all air transmission cases. Moreover, after fiber transmission, the receiver sensitivity at the FEC limit is achieved at −4.3 dBm, −1.4 dBm and 0.8 dBm for air transmission of 0.5 m, 1.2 m and 2 m, respectively. The signal to noise ratio is decreased as air distance increases, resulting in higher required optical power at the FEC limit. Fig. 4(b) shows the wireless transmission BER performance of 3-channel QPSK-OFDM W-band signal in the optical back-to-back (B2B) case. We can observe that the receiver sensitivity of the 1 st channel to reach the FEC limit is 2 dBm, 4.5 dBm, 6.2 dBm for air transmission of 0.5 m, 1 m and 2 m, respectively, which is 6.3 dB higher than those in the single-channel case. This power penalty is expected, since the optical signal to noise ratio (OSNR) of 3-channel is about 4.5 dB lower than that of single-channel at a given optical power, which is indicated in the optical spectra in Fig. 1 . We can also see from Fig. 4(b) that the 3 rd channel has 1 dB power penalty compared to the 1 st channel. This can be attributed to the bandwidth limitations of the RF components involved. Moreover, the phase ripple and non-flat frequency response destroy the orthogonality of the OFDM subcarriers and introduce inter-symbol interference (ISI). However, these effects cause negligible performance degradation on the 2 nd channel by discarding one edge OFDM subcarrier during the BER counter. Fig. 4(c) shows the BER curves of 3-channel W-band signal after 22.8 km SMF and 0.5 m air transmission. The receiver sensitivity at the FEC limit is obtained at about 1.9 dBm for the 1 st channel, and hence the penalty induced by the fiber is negligible compared with the Fig. 4(b) . However, the system performance is degraded when the received optical power at the PD is higher than 4 dBm, corresponding to 9.5 dBm optical power at the input of fiber. This can be explained that OFDM signal is sensitive to the nonlinearity of fiber transmission due to the high peak-to-average-power-ratio (PAPR) property.
The received constellations of 3-channel QPSK-OFDM signal are shown in the insets of Fig. 4(c) as well.
IV. CONCLUSION
We have demonstrated a high speed and spectral efficient W-band wireless fiber transmission system based on the OFDM modulation and coherent all-optical frequency division multiplexed techniques. By using ISFA and DPLL as improved channel estimation method, 3-channel 8.3 Gb/s/ch QPSK-OFDM signals at 86.75 GHz are transmitted over 0.5 m and 2 m air distance with and without 22.8 km SMF, respectively. This system provides a promising solution to realize high capacity wireless links, with the advantage of transparency for future wireless/wireline seamless network integration.
